The sputter erosion of arcing contacts is a very complex phenomenon, which is determined by the interaction between electromagnetic force, heat conduction and surface tension of liquid metal. A new model for evaluating the sputter erosion of electrodes is described in this paper, which is based on the electromagnetic forces against the molten pool, flowing velocity, kinetic energy and the surface tension of the molten pool. Erosion tests on AgSnO 2 , AgNi 10 and AgNi 0.15 contacts under the loads of resistance, lamp and inductance respectively at 14 VDC have been carried out. Experimental results indicate good agreement with the model's simulation. The model shows how the current and density, specific heat and other parameters of material affect the erosion rate. key words: arcing contact, sputter erosion, material property
Introduction
Arc erosion is a phenomenon where electrode material loss occurs on the contact surface under arc thermal-dynamic effects. Material erosion includes material evaporation and molten metal sputter. Sputter means that droplets break away from the molten pool when they overcome the resistance of the liquid viscidity and the surface tension of the molten pool. Much experimental research has been carried out on sputter erosion, but only a small number of reports on theoretical sputter erosion models have been published [1] - [8] , and therefore, it is hard to know systematically the specific relationship between material properties and sputter erosion characteristics.
In this study, efforts have been made to develop a model to show the dependence of sputter erosion on material properties.
Sputter Mechanism and the Characteristics of Sputter

Sputter Mechanism
Arc thermal-dynamic effects on electrical contact results in sputter erosion. Thermal effect denotes that arc energy heats and melts the electrode surface and induces the appearance of the molten pool. Dynamic effect means that the forces (including electron bombardment force, electrostatic force, contractive force, evaporative counterforce and so on) drive the liquid in the molten pool to form a flow field with kinetic energy. When the kinetic energy of droplets exceeds the surface bandage energy of the liquid pool, the droplets will escape from the molten pool and sputter occurs. Accordingly, sputter is the result of competition between kinetic energy of droplets and surface bandage energy of liquid.
Sputter Characteristics
The arc moves disorderly on the contact surface, which results in the non-equilibrium distribution of molten pool temperature and the irregular change of forces acting on the molten pool. The most significant result caused by the arc disorder movement is the turbulence phenomenon in the molten pool, which makes sputter erosion with characteristics of randomness and discreteness. The term "randomness" here means that it is hard to predict when and where sputter will occur. In addition, the sputtered volume for each event is also difficult to be predicted. On the other hand, the term "discreteness" denotes that the sputter is discontinuous in space-time axes.
Sputter Model
Expected Sputter
As mentioned above, randomness and discreteness are the essential characteristics of sputter. However, a great deal of sputter shows statistic characteristics, which fluctuates around an "expected sputter." At any time, the droplets have the possibility to sputter out from the molten pool. The summation of all the lost droplets is the "expected sputter." Thus, if we use coordinate to describe sputter phenomena, the "expected sputter" can be continuous along the spacetime axes, which will mask the discreteness and randomness of sputter. Based on the above-mentioned point of view of statistics, it can be said that sputter still occurs when kinetic energy of droplets is less than the surface bandage energy of the molten pool. Accordingly, the "expected sputter S" (also called the equivalent sputter) can be described in accordance with the following equation, and as shown in Fig. 1 [9] , [10] :
The expected sputter S in Eq. (1) (1), M is total mass of the molten region of contact; E k is the kinetic energy of droplets, and E 0 is the pool surface bandage energy.
The value of M in Eq. (1) can be obtained through calculating the temperature field with the finite element or finite difference analysis. Thus, the solution of Eq. (1) depends on the kinetic energy E k of droplets and the surface bandage energy E 0 of the pool.
Droplets Kinetic Energy E k
The velocity of molten pool is described as Eq. (2)
where µ 0 is the magnetic permeability of vacuum, i.e., µ 0 = 4π × 10 −7 (H/m), I is arc current, and ρ is density. The electromagnetic force P acting on the molten pool is showed in Eq. (3),
where r 0 is the arc root radius and r is the radius in the arcing column. Then, the total kinetic energy that is input by electromagnetic force during arcing duration is expressed as follows:
where p(r) = p, and V = V 1 . Moreover, r L is the radius of the molten pool, which can be obtained by calculating the temperature field, and t s is the arc duration. Because of the effect of the viscous resistance, the actual molten pool kinetic energy E k will attenuate [9] .
3.3 Surface Bandage Energy E 0 of Molten Pool [9] The relationship between surface tension and temperature can be assumed as linearly changed, which is described as follows:
Fig . 1 The sputter model.
where, γ(T ) is surface tension, γ 0 is surface tension at melting point, T is pool temperature, T l is melting point and T g is boiling point. Then, surface bandage energy E 0 can be expressed as follows:
Accordingly, the "expected sputter" can be solved by substituting E k in Eq. (5), E 0 in Eq. (7) and M into Eq. (1).
Simulation Results
In accordance with the above-described simulation model, the sputter erosion for Ag, Cu, W, Mo, Ni, and Cr contacts were calculated under the following conditions: contact radius 5 mm, arc root radius 1 mm, arc duration 5 ms, arc voltage 220 V. The results can be seen in Fig. 2 and Fig. 3 .
More specifically, Fig. 2(a) shows the relative sputter erosion of some metals and Fig. 2(b) is the locally magnified figure of Fig. 2(a) . In the conditions of this paper, the sputter volume decreases with the sequence of Ag, Cu, W, Mo, Ni, and Cr.
From the calculated results, we find a new phenomenon that sputter erosion does not linearly change with the variation of arc current, but rather, exhibits an abrupt increase. More specifically, with increase of arc current, the volume of sputter erosion increases dramatically and its gradient may jump (see Fig. 2, for example) . The abrupt change point for Ag is at about 600 A, and the point for Cu is at around 900 A.
Moreover, Fig. 3 shows the relationship between material properties and sputter for Ag at 800 A. It is shown that the sputter can be reduced if the density, the heat capacity, or the vaporization latent heat of materials is increased.
Furthermore, Fig. 4 shows the effect of the dynamicviscosity coefficient on sputter for Ag at 800 A. As can be seen in Fig. 4 , the dynamic-viscosity coefficient has a significant effect on sputter when it is on the order in the range of Fig. 3 The effect of material properties (Ag, 800 A). Fig. 4 The effect of dynamic-viscosity coefficient (Ag, 800 A). 0.1 to 1.0. When the dynamic-viscosity coefficient is below 0.1, it has little effect on sputter.
Since the dynamic-viscosity coefficient of contact materials is usually less than 0.01, we can neglect the effect of dynamic-viscosity coefficient on sputter erosion.
Experimental Results
Erosion experiments have been carried out for three kinds of contact materials, i.e., AgSnO 2 (88/12), AgNi 10 , and AgNi 0.15 under the condition shown in Table 1 . Contact diameter was 4 mm, contact force 1.5 N, operation frequency 600/hour and its break time 3 seconds, contact gap 0.4 mm. The number of operations was set to be 150,000, and the maximum operation number was recorded when contact failed. Three relay samples were used for each load test. Erosion measurement was conducted in accordance with Archimedes law. It should be noted that according to the experimental standards, 70 A current under resistive load corresponds to 30 A under inductive load and 20 A under lamp load, respectively. The results are shown in Tables 2-4 [11] . Table 2 shows that under resistive loads, the mean anode erosion for AgSnO 2 , AgNi 10 and AgNi 0.15 is 0.127, 0.180, and 0.334 grams, respectively, and 0.052, 0.149, 0.173 grams, respectively, for the cathode. The above erosion rate indicates that both anode and cathode have the same decreasing sequence of erosion AgNi 0.15 > AgNi 10 > AgSnO 2 , which means AgNi 0.15 is more easily eroded than Table 1 Parameters of different load circuits. Contact erosion for the cases of inductive and lamp loads, respectively shown in Tables 3 and 4 , also have the similar decreasing sequence as discussed earlier with respect to the resistive load. For example, the mean anode erosion under the lamp load condition is 0.148 grams > 0.106 grams > 0.096 grams, i.e., AgNi 0.15 > AgNi 10 > AgSnO 2 .
Moreover, Table 5 shows the erosion simulation results in accordance with the model as shown in Eq. (1) under the same load conditions as the experiments conducted. The numbers in Table 5 are dimensionless and the purpose of those numbers is to compare the relative sequence of erosion for different materials. It is shown in Table 5 ages by means of a scanning laser microscope [7] , [8] , aiming to perform volumetric analysis for erosions and compare the results with the simulation results. Unfortunately, however, satisfactory results were not obtained since some of the samples were too severely damaged due to arc discharges for the laser microscope analysis.
Conclusions
This paper presents a new model to calculate the relative sputter erosion of electrical contact materials, which shows the influence of material properties such as heat capacity, mass density, melting point, boiling point and dynamicviscosity coefficient.
Simulation indicates that the dynamic-viscosity coefficient has a significant effect on sputter when it is within the range of 0.1-1.0 and has little effect when it is below 0.01. Sputter erosion is not linearly changed with the increase of arc current; but also its gradient may become higher when current increases.
Under all of the load conditions employed in the experiments in this study, the erosion of AgSnO 2 , AgNi 10 and AgNi 0.15 increases with the sequence of AgSnO 2 , AgNi 10 and AgNi 0.15 .
Under the disorderly movement of arcs, turbulence in the molten pool is the essential reason for sputter with the characteristics of randomness and discreteness.
